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ABSTRACT
Stellar kinematics provide insights into the masses and formation histories of galaxies. At high red-
shifts, spatially resolving the stellar kinematics of quiescent galaxies is challenging due to their compact
sizes. Using deep near-infrared spectroscopy, we have measured the resolved stellar kinematics of four
quiescent galaxies at z = 1.95-2.64, introduced in Paper I, that are gravitationally lensed by galaxy
clusters. Analyses of two of these have previously been reported individually by Newman et al. and
Toft et al., and for the latter we present new observations. All four galaxies show significant rotation
and can be classified as “fast rotators.” In the three systems for which the lensing constraints permit
a reconstruction of the source, we find that all are likely to be highly flattened (intrinsic ellipticities
of ≈ 0.75-0.85) disk-dominated galaxies with rapid rotation speeds of Vmax = 290-352 km s−1 and
predominantly rotational support, as indicated by the ratio (V/σ)Re = 1.7-2.3. Compared to co-
eval star-forming galaxies of similar mass, the quiescent galaxies have smaller V/σ. Given their high
masses Mdyn & 2×1011 M, we argue that these galaxies are likely to evolve into “slow rotator” ellip-
tical galaxies whose specific angular momentum is reduced by a factor of 5-10. This provides strong
evidence for merger-driven evolution of massive galaxies after quenching. Consistent with indirect
evidence from earlier morphological studies, our small but unique sample suggests that the kinematic
transformations that produced round, dispersion-supported elliptical galaxies were not generally coin-
cident with quenching. Such galaxies probably emerged later via mergers that increased their masses
and sizes while also eroding their rotational support.
Keywords: galaxies: elliptical and lenticular, cD—galaxies: evolution—galaxies: kinematics and
dynamics—gravitational lensing: strong
1. INTRODUCTION
Modern theories of massive galaxy formation generally
posit two broad evolutionary phases (e.g., Oser et al.
2010). In the first phase at high redshifts, a highly dis-
sipative event (e.g., a major merger or disk instability;
Zolotov et al. 2015) leads to the formation of a compact
quiescent galaxy. Such galaxies do not resemble fully
formed ellipticals, since they have sizes that are too small
for their mass (Trujillo et al. 2006; van Dokkum et al.
2008). In the second phase, extended stellar “wings”
gradually emerge around the compact core and the half-
light radius increases (van Dokkum et al. 2010; Patel
et al. 2013). This growth is unaccompanied by signif-
icant star formation and is thought to arise primarily
from the accretion of low-mass satellites (Naab et al.
2009; Bezanson et al. 2009), although secondary effects
including residual star formation and the expansion of
stellar orbits may also contribute (Hopkins et al. 2010;
Newman et al. 2012; Wellons et al. 2015).
Although the compact sizes of massive quiescent galax-
ies at z & 2 received much of the initial attention, more
detailed information about their internal structure has
been emerging over the last decade. Contemporaneous
with the discovery of the compact sizes of this popu-
lation, it was noticed in small samples of galaxies that
some have disk-like morphologies and surface brightness
profiles (Stockton et al. 2008; McGrath et al. 2008; van
Dokkum et al. 2008; van der Wel et al. 2011). Larger
samples confirmed that a substantial fraction of massive
quiescent galaxies at z ∼ 2 appear to be disk domi-
nated, although quantitative estimates of this fraction
varied considerably (Bruce et al. 2012, 2014; Buitrago
et al. 2013; McLure et al. 2013). Based on viewing an-
gle arguments and the evolving axis ratio distribution,
which shows that an increasing fraction of massive qui-
escent galaxies have flattened shapes toward higher red-
shifts, Chang et al. (2013a,b) claimed that the majority
are likely to be disk-dominated.
Altogether these studies have provided mounting
photometric evidence that many quiescent galaxies—
including the most massive examples that are predom-
inantly round and dispersion supported today—were
more disk-like at early epochs. This has important impli-
cations for the formation and evolution of massive galax-
ies: it would imply that most of the stars formed in
a disk that survived whatever processes quenched star
formation, and that quiescent galaxies not only grew in
size after quenching but also underwent major changes
in their shapes and distribution of stellar orbits.
Kinematic evidence is necessary to definitively identify
disk-dominated structures in early quiescent galaxies.
Using ground-based spectroscopy, it would be extremely
difficult to directly measure rotation in distant quiescent
galaxies because of their small angular sizes. Unresolved
kinematics have provided indirect evidence of rotation.
In a study of 24 quiescent galaxies at z = 1-2.5 with mea-
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sured velocity dispersions, Belli et al. (2017) showed that
within the subsample classified as disky based on their
Se´rsic indices, the ratio of dynamical to stellar mass was
higher for the flatter systems. They interpreted this as
evidence of rotational motion with varying projections
along the line of sight, and they inferred a higher frac-
tion of rotational support (as indicated by V/σ) for the
high-z systems compared to analogous local galaxies.
An alternative approach is to directly measure rota-
tion by resolving the stellar continuum in high-resolution
spectra of gravitationally lensed objects. In a pilot
project for the present study, Newman et al. (2015)
presented the first such measurements. They showed
that the lensed massive quiescent galaxy MRG-M0150
at z = 2.64 is rotating at V sin i = 189 ± 34 km s−1,
a surprisingly high speed considering that its likely de-
scendants are mostly “slow rotators” with V/σ values
that are far lower. Toft et al. (2017) showed that the
lensed massive quiescent galaxy M2129-1 (MRG-M2129
in our nomenclature) is a rotationally-supported disk
galaxy and inferred an extremely high rotation speed of
V = 532+67−49 km s
−1. These initial observations sup-
ported the idea that early quiescent galaxies frequently
have disk-like morphologies and kinematics.
In Paper I (Newman et al. 2018) we presented an imag-
ing survey and associated follow-up observations with
which we identified a sample of five quiescent galaxies
at z = 1.95-2.64 that are magnified by galaxy clusters.
In four cases, the images are at least several arcseconds in
extent and so can be resolved from the ground in good
seeing conditions. In this paper we present the stellar
kinematics of these four galaxies based on deep near-
infrared (NIR) spectroscopic data. This sample includes
MRG-M0150 (z = 2.64), which was the subject of the
pilot study by Newman et al. (2015), and MRG-M2129
(z = 2.15), which was studied by Geier et al. (2013)
and Toft et al. (2017), along with two newly discov-
ered lensed galaxies, MRG-M0138 (z = 1.95) and MRG-
P0918 (z = 2.36). In the case of MRG-M2129, we have
obtained independent observations that we compare to
Toft et al. (2017).
In Section 2 we describe the resolved stellar kinematic
measurements. In Section 3 we perform dynamical mod-
eling of the three galaxies for which a lens model ex-
ists. In Section 4 we discuss our results in the context of
low- and high-redshift samples and consider their impli-
cations for the formation and evolution of massive galax-
ies. Throughout we assume a flat ΛCDM cosmology with
Ωm = 0.3 and H0 = 70 km s
−1 Mpc−1.
2. SPATIALLY RESOLVED STELLAR KINEMATICS
In this section we present our measurements of the spa-
tially resolved stellar kinematics of the lensed quiescent
galaxies MRG-M0138, MRG-M0150, MRG-P0918, and
MRG-M2129. As discussed in Paper I, these are mas-
sive quiescent galaxies (M∗ & 1011.0 M in cases with
estimated magnification) with ages spanning the range
0.5-1.4 Gyr. Our survey also uncovered a fifth lensed
quiescent galaxy, MRG-S1522, but we omitted it from
this analysis because our spectrum is not well resolved.
For MRG-M0150, we adopt the kinematics measured by
Newman et al. (2015), which are reproduced in Table 1.
(We have verified that using the procedures described
in this section, which differ only in detail from those of
Table 1
Resolved Stellar Kinematic Measurements
Bin lower Bin upper v (km s−1) σ (km s−1)
edge (arcsec) edge (arcsec)
MRG-M0138 Image 1
-4.95 -2.97 203± 18 227± 19± 11
-2.97 -2.25 181± 19 263± 17± 13
-2.25 -1.53 128± 25 268± 22± 13
-1.53 -0.81 147± 20 305± 23± 15
-0.81 -0.27 64± 22 311± 32± 16
-0.27 0.27 −30± 25 326± 20± 16
0.27 0.81 −129± 26 325± 28± 16
0.81 1.71 −164± 26 248± 31± 12
MRG-M0150
-0.60 0.60 . . . 271± 18± 38
-1.80 -0.90 101± 45 . . .
-0.90 -0.30 99± 23 . . .
-0.30 0.30 15± 17 . . .
0.30 0.80 −96± 22 . . .
0.80 1.40 −206± 45 . . .
MRG-P0918
-1.00 -0.60 89± 30 . . .
-0.60 -0.20 85± 13 189± 18± 21
-0.20 0.20 0± 13 253± 17± 28
0.20 0.60 −49± 17 198± 21± 22
0.60 1.00 −55± 28 . . .
MRG-M2129
-1.40 -0.75 −190± 18 196± 28± 14
-0.75 -0.25 −193± 15 195± 16± 14
-0.25 0.25 10± 25 227± 30± 16
0.25 0.75 181± 24 239± 37± 17
0.75 1.40 245± 24 200± 42± 14
Note. — The errors listed for σ are the random and sys-
tematic components, respectively, and the latter are correlated
within each galaxy. Bin limits are in arcsec along the slit rela-
tive to the peak flux, with the positive direction indicated by
arrows in Figure 1. The velocity zeropoint is determined from
the dynamical model fits, except for MRG-P0918, where we
set the central bin to zero.
Newman et al. 2015, results in consistent measurements.)
2.1. Observations
The near-infrared spectroscopic data and their reduc-
tion were described in Paper I. Briefly, we used the FIRE
echellette spectrograph (Simcoe et al. 2013) on the Mag-
ellan Baade telescope to observe MRG-M0150, MRG-
P0918, and MRG-M2129 over the full NIR wavelength
range. We also used MOSFIRE (McLean et al. 2012) at
the Keck 1 telescope to observe MRG-M0138 Image 1
in the J and H bands and MRG-M0150 Image 1 in the
H band. The mean seeing for each target ranged from
0.′′42-0.′′79, with a median of 0.′′57 (see Paper I, Table 3).
We note that FIRE observations were also undertaken for
MRG-M0138 Image 2, as mentioned Paper I, but since
the slit orientation is close to the minor axis for this im-
age, it is not well suited to measure rotation; we rely on
the MOSFIRE observations of Image 1 instead.
2.2. Stellar Kinematic Measurement Technique
For each lensed galaxy, we extracted spectra in a se-
ries of bins along the slit. The orientations of the slits are
shown in Figure 1. (The slit was slightly misaligned for
MRG-P0918, since the orientation of the image was ini-
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Figure 1. Placement of slits on the lensed galaxies. The slit dimensions and orientations match the MOSFIRE (MRG-M0138) and FIRE
(all others) observations. The images are shown centered in the slits, but the telescope was dithered between two positions during the
observations. Arrows indicate the positive direction in the slit coordinate system used in Table 1 and Figure 3. Observations were made
of both Image 1 and 2 of MRG-M0138 (see text), but we only use those of Image 1 in this paper. North is up and east is left.
tially estimated from a shallower ground-based image; we
will discuss the small effects of this misalignment below.)
The total spatial extent of the bins was determined by ex-
amining the intensity profile along the slit and selecting
the region that exceeded ' 15% of the peak. Within this
region, the size of the bins was approximately matched to
the mean seeing during the observation, although in some
cases the outer bins were enlarged to increase the signal-
to-noise ratio (S/N). This procedure produced spectra
with S/N ≈ 10-80 per 300 km s−1 (approximately one ve-
locity dispersion element) which is adequate to measure
velocities and, in most of the bins, velocity dispersions.
We used the spectral range from λrest = 3600 A˚ to the
end of the H band for the kinematic measurements. We
omitted the K band spectra since it does not contain
strong absorption features besides Hα, which is contam-
inated by emission. A mask was created for each spec-
trum to exclude spectral regions that (1) contain strong
telluric absorption bands, (2) contain emission lines, or
(3) deviate from the stellar population model in ways
that are likely to arise from data reduction problems
(e.g., a small region blueward of Hβ for MRG-M2129,
and the 4300 A˚ region of MRG-M0138 where residual
telluric absorption is evident). A small number of out-
lier pixels were identified via a σ-clipping algorithm and
masked.
In the case of MRG-M0138, the MOSFIRE J band
spectrum begins around the Ca K line, so the continuum
blueward of 4000 A˚ is not well constrained. For this
galaxy we omitted the short spectral region blueward of
4000 A˚. We also masked Mg b and Na D, since these lines
show clearly non-solar abundances.
In each bin, we used ppxf (Cappellari & Emsellem
2004) to measure the velocity V and velocity disper-
sion σ. By default, the template spectrum was con-
structed by ppxf as a linear combination of Vazdekis
et al. (2015) simple stellar populations with ages ranging
up to the age of the universe at the observed epoch and
solar-scaled abundances with metallicities ranging from
approximately solar to twice solar. This template was
broadened by a Gaussian line-of-sight velocity distribu-
tion, redshifted, multiplied by a linear polynomial, and
added to a polynomial of degree N to best fit the ob-
served spectrum. By default we set N ≈ ∆λ/(200 A˚),
where ∆λ is rest-frame length of the portion of the spec-
trum used in the fit. Uncertainties were derived by shuf-
fling the residuals in chunks to maintain correlations,
adding these to the best-fit model, refitting a large num-
ber of such realizations, and measuring the scatter in V
and σ. The resulting uncertainty estimates were moder-
ately larger than the formal uncertainties derived from
the χ2 surface. Figure 2 shows the spatially resolved
spectra and the model fits used to extract kinematics
(see Newman et al. 2015 for MRG-M0150). Table 1 lists
the stellar kinematic measurements.
We then varied our procedure in several ways in order
to estimate the systematic uncertainties and assess the
robustness of the measurements. First, we used solar-
metallicity Bruzual & Charlot (2003) models instead of
the Vazdekis et al. (2015) grid. Second, we fit FSPS (Con-
roy et al. 2009; Conroy & Gunn 2010) models using the
pyspecfit (Newman et al. 2014) code instead of ppxf,
as described in Paper I. Third, we varied the additive
polynomial order by ±2. Fourth, we masked the Balmer
lines, since these are sensitive to the star formation his-
tory and to the rotational velocities of the library stars.
We found that the σ measurements in the outer bins of
MRG-P0918 were unstable to these changes and so omit-
ted them from our analysis. Newman et al. (2015) deter-
mined that only an integrated velocity dispersion could
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be robustly measured for MRG-M0150, and we adopt
the σ measured in that paper within a ±0.′′6 aperture.
The resolved velocity dispersions for MRG-M0138 and
MRG-M2129 were stable in all of the spatial bins.
For the stable bins, we found that varying the mea-
surement procedure has a minimal effect of . 3% on
the relative velocities, which are very robust. The main
effect is to induce systematic shifts in σ. We quanti-
fied these as 〈∆σ/σdef〉; here the mean is taken over all
spatial bins within a galaxy, and σdef is the measure-
ment derived with the default procedure. The largest
shifts and their origins were 〈∆σ/σdef〉 = −5% for MRG-
M0138 (BC03 templates), −11% for MRG-P0918 (BC03
templates), and +7% for MRG-M2129 (masking Balmer
lines, or FSPS templates). For reference, Newman et al.
(2015) found a systematic uncertainty of 14% for MRG-
M0150. We will treat the absolute values of these shifts
as perfectly correlated fractional systematic uncertainties
within each galaxy when we perform dynamical modeling
in Section 3. As expected, the spectra most dominated
by Balmer absorption (MRG-M0150 and MRG-P0918)
have the largest systematic uncertainties in σ, whereas
the oldest system (MRG-M0138) is the most robust.
2.3. Model-Independent Limits on Rotation
The resolved stellar kinematics are plotted in Figure 3.
All of the galaxies are clearly rotating. Figure 4 shows
the position of the slit in the source plane. For MRG-
M0138, MRG-M0150, and MRG-M2129, the slit is ap-
proximately aligned along the major axis; this is by de-
sign for the multiply imaged cases (MRG-M0138 and
MRG-M0150) and is fortuitous for MRG-M2129. (Re-
call that we lack a lens model for the fourth system,
MRG-P0918.) Therefore we expect the long-slit kine-
matics to capture the majority of the projected rotation,
but because of seeing and the width of the slit in the
source plane, these data cannot be directly interpreted
as major axis kinematics. That requires modeling of the
velocity field (Section 3).
From the raw velocity measurements we can estimate
only lower limits on the rotation speed, but we can
do so in a model-independent way as half of the ve-
locity difference between the outermost bins: V projmax >
183 ± 16 km s−1 for MRG-M0138 Image 1, V projmax >
155±32 km s−1 for MRG-M0150, V projmax > 72±21 km s−1
for MRG-P0918, and V projmax > 218±15 km s−1 for MRG-
M2129. The notation emphasizes that these are pro-
jected velocities, i.e., V sin i, that are not corrected for
inclination.
The position of the FIRE slit was slightly misaligned
with the MRG-P0918 image. Likewise the MRG-M0138
Image 1 is curved and so is unavoidably miscentered in
the slit for most of its length. This will lead to spuri-
ous shifts in the measured velocities. For each of these
galaxies, we calculated the miscentering of the flux in
the slit for each spatial bin using the HST image, and
we converted these to velocity shifts based on the spec-
trograph parameters. The velocity shifts are . 6 km s−1
in all cases. Since these are much smaller than the mea-
surement uncertainties, they will be neglected for the
remainder of the paper.
3. DYNAMICAL MODELING
Dynamical modeling is required not only to measure
masses, but also to model the velocity field and estimate
the maximum rotation velocity on the major axis V projmax
and associated quantities such as V/σ. These cannot
be directly estimated from the observations because of
several effects: (1) the galaxy is resolved only along the
direction of maximum magnification, i.e., along the slit,
(2) this direction is not necessarily aligned with the ma-
jor axis, (3) the slit width over which the kinematics are
integrated therefore has a large physical extent, and (4)
seeing blurs the images.
We developed a model to compute stellar kinematics
and trace these through the lens mapping, accounting for
the seeing and binning of the observations. The model is
described by three sets of parameters that relate to the
galaxy structure, the stellar kinematics, and the mea-
surement errors. We will now describe each in turn.
The first set of parameters describes the single- or
double-Se´rsic model of the source (i.e., effective radius
Re, Se´rsic index n, and axis ratio q = b/a for each Se´rsic
component, along with the relative luminosities in the
case of two components). These structural parameters
are well constrained by the source plane reconstructions
of the HST images presented in Paper I (Table 4). We
nevertheless used Gaussian priors in order to propagate
their uncertainties.1
The kinematic parameters are the dynamical mass
logMdyn, the velocity anisotropy βz, the dimensionless
parameter κ that describes rotation (see below), and the
inclination angle i. To compute the stellar kinematics,
we used the Jeans Anisotropic Modeling (JAM) meth-
ods developed by Cappellari (2008). The models assume
that the galaxies are oblate, that light traces mass, and
that the velocity ellipsoid is aligned with a cylindrical
coordinate system and has a shape parameterized by
βz = 1−〈v2z〉/〈v2R〉. We assumed that βz is spatially uni-
form and adopted a broad uniform prior βz ∼ U(0, 0.5)
based on the range seen in local early-type galaxies (Cap-
pellari et al. 2007). Since we cannot assume that all of the
galaxies are thin disks, the inclination i is not uniquely
determined from the ellipticity. We took a uniform prior
on cos i ∼ U(0, cos imax), where cos imax was defined to
enforce that all Se´rsic components have an intrinsic el-
lipticity eintr < 0.85.
Given the surface brightness distribution and values
of i and βz, the projected second moments 〈v2〉 are
determined up to a constant factor that is set by the
dynamical mass Mdyn. Velocities are calculated fol-
lowing Satoh (1980, see also Cappellari 2008). In this
approach, which has proved useful for analyzing low-
redshift galaxies, the azimuthal motion 〈v2φ〉 is parti-
tioned into streaming 〈vφ〉 and dispersion σφ components
as 〈vφ〉 = κ[〈v2φ〉 − 〈v2R〉]1/2. Therefore κ is a dimension-
less parameter that specifies the amplitude of rotation
relative to the special case in which σφ = σR (κ = 1; see
Section 4.1). Both Mdyn and κ are well constrained by
our data. These data do not have the resolution needed
to constrain i and βz, which affect the detailed struc-
ture of the second moment map, but we include these
1 In cases where two uncertainties are listed in Table 4 of Paper I,
we use only the first to define this Gaussian prior; the second uncer-
tainty reflects systematic uncertainties in the magnification factor,
which are treated below.
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Figure 2. Resolved spectra (grey) and model fits (blue) used to extract kinematics. Extraction apertures are specified in arcsec along
the slit relative to the position of peak flux. Regions of the spectrum that were masked in the fit are shown in lighter grey. For display
purposes, all spectra were smoothed with a ' 390 km s−1 boxcar using inverse variance weighting.
parameters in order to marginalize over them.
The third set of parameters, mσ and merr, relate to the
measurement uncertainties. We defined a multiplicative
factor mσ that scales the velocity dispersions and thereby
accounts for the correlated systematic uncertainties in σ.
We adopted a Gaussian prior on mσ that is centered on
unity and has a dispersion taken from Section 2.2. A
second factor merr was used to scale the measurement
errors. We took a Gaussian prior on lnmerr centered on
0 with a dispersion of 0.7, i.e., a factor of 2. This method
enlarges the measurement uncertainties and widens the
posterior distributions if required to fit the data. As dis-
cussed below, we ultimately found that the measurement
errors required little or no rescaling.
For a given set of parameters, we calculated the like-
lihood L as follows. First, we generated the surface
brightness distribution of the source and fit it with a
multi-Gaussian expansion, as required by the JAM rou-
tines. We then used JAM to compute the projected stel-
lar kinematics on a fine grid in the source and image
planes. The lens models described in Paper I define the
mapping between the two planes. The image plane was
then convolved by a Gaussian PSF and binned to match
the observations. For each spatial bin j, this results in
a model velocity V modj and a second moment 〈V 2j 〉 pro-
jected along the line of sight. We computed the model
velocity dispersion σmodj as 〈V 2j 〉 = (V modj )2 + (σmodj )2.
The likelihood is then
L(logMdyn, κ, βz, i,∆Vsys,mσ,merr,Sersic parameters)
=
N∏
j=1
1√
2pimerrσvj
exp
−1
2
(
Vj −∆Vsys − V modj
merrσvj
)2
×
M∏
k=1
1√
2pimerrσσk
exp
[
−1
2
(
σk −mσσmodk
merrσσk
)2]
(1)
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Figure 3. Stellar kinematic data and dynamical model in the image plane. For each galaxy, the lower panel shows the measured velocities
and velocity dispersions along with the model, which takes into account the lens mapping and observational effects (binning and blurring by
seeing). The colored lines are the mean of models drawn from the posterior, and the width of the bands indicates their standard deviation.
The flux-weighted radius represented in the spectrum in each spatial bin is indicated as 〈R/Re〉. Measurement errors have been rescaled by
merr (see text). The middle panels show the flux profile observed in the spectrum (solid line) and in the HST F160W image after blurring
by the seeing and integrating across the slit width (dashed line). The PSF is also indicated to demonstrate that the spectra are spatially
resolved. The upper panels show the HST F160W image (not convolved) with a linear stretch and the position of the slit overlaid.
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Figure 4. Stellar dynamical models in the source plane. For each galaxy with a lens model (i.e., excluding MRG-P0918), the lower panel
shows the projected velocity and velocity dispersion along the major axis. The local projected V/σ ratio is plotted in gray out to the radius
where its 1σ uncertainty is ±1. The widths of the bands indicate the standard deviation of models drawn from the posterior. The upper
panels show the source surface brightness (upper left panels) with a logarithmic stretch and the velocity field (upper right panels). The
spectrograph slit edges mapped to the source plane are shown as solid lines, with the middle of the slit drawn as a dashed line. The dotted
lines denote the boundaries of the bins in which the spectra were extracted. (The small loop formed by one slit edge for MRG-M0138
occurs because it crosses the caustic.)
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Here Vj and σk are the measured velocities and veloc-
ity dispersions, respectively, with associated uncertain-
ties σVj and σσk . Shifts to the galaxy systemic velocity
∆Vsys are small and precisely determined, so we sped the
calculation by fixing the value of ∆Vsys that maximizes
L at the values of the other parameters. The data in Ta-
ble 1 have been shifted by the ∆Vsys values determined
from the model fits.
Although the model contains 10-14 parameters (de-
pending on whether the source has one or two Se´rsic com-
ponents), we emphasize that the kinematics are largely
determined by the photometry and just two kinematic
parameters: logMdyn and κ. The other parameters are
included mainly to marginalize over and thereby propa-
gate uncertainties.
We used Monte Carlo methods to marginalize over the
posterior probability distributions and derive the con-
straints listed in Table 2. Covariances among the key
dynamical parameters are shown in Figure 5. As ex-
pected, i is not constrained beyond the prior, which im-
poses a narrow range on MRG-M0138 and MRG-M2129
near 90◦. Similarly we find only loose constraints on βz,
so we do not list posterior constraints for these parame-
ters in Table 2. They are not strongly covariant with the
main parameters of interest, which are well determined:
logMdyn, κ, and the projected quantities V
proj
max and λRe
which are defined below. The one exception is the mild
covariance between κ and i for MRG-M0150, which we
will discuss in Section 4.1.
Figures 3 and 4 show the fitted dynamical models in
the image and source planes, respectively, and demon-
strate their good fits to the data. The parameter merr
that rescales the measurement errors is consistent with
unity for MRG-M0138 and MRG-M0150 (see Table 2),
while for MRG-M2129 only a modest increase in the er-
rors by ' 1.5× is needed.
3.1. Lens Model Uncertainties
In Paper I, we estimated the uncertainties in the source
structural parameters via two methods for the mul-
tiply imaged galaxies MRG-M0138 and MRG-M0150:
the image-to-image scatter (which addresses the inter-
nal consistency of the lens model) and a magnification
uncertainty (which addresses systematic uncertainties in
the lens model). So far we have propagated the former
component via the Gaussian priors described above, but
we have not propagated the latter. This is more diffi-
cult because uncertainties in the lens model affect both
the source structure and the mapping from the image
plane kinematics to the source plane. As a simple first-
order test of the effect of changing the magnification by
a factor x, we scaled the source luminosity and Re by
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x−1 and x−1/2, respectively, and isotropically dilated the
source plane coordinates by a factor x−1/2. The only ef-
fect of changing the magnification by the uncertainties
estimated in Paper I was to shift logMdyn by 0.06 dex for
MRG-M0138 and MRG-M0150. This is smaller than the
fractional magnification uncertainty, which is expected
sinceMdyn ∝ σ2Re ∝ µ−1/2 to a first approximation. We
have therefore added 0.06 dex in quadrature to the un-
certainty in logMdyn for these systems and report these
enlarged errors in Table 2. For MRG-M2129 the mag-
nification uncertainty is sufficiently small (10%) that it
does not contribute significantly to the error budget.
3.2. Metrics of Rotational Support and Angular
Momentum
The velocity and velocity dispersion fields are com-
pletely specified by the parameters described above.
However, it is also useful to express the results in terms of
other derived parameters. We calculated three of these:
• V projmax is the maximum projected velocity on the
major axis. The deprojected rotation velocity is
Vmax = V
proj
max / sin i.
• To compare to local early-type galaxies, we calcu-
lated λRe = 〈RV 〉/〈R
√
σ2 + V 2〉, where the aver-
aging is weighted by flux and restricted within Re.
This parameter is a proxy for the projected specific
angular momentum; it was defined by Emsellem
et al. (2007, 2011) and applied to the SAURON
and ATLAS3D surveys.
• To compare to disk galaxies, we define (V/σ)Re .
Disk galaxy kinematics, particularly at high red-
shifts, are often quantified by the ratio V/σ, where
σ is assumed to be uniform and isotropic through-
out the disk. Since σ varies with radius in our JAM
models, we define a characteristic value (V/σ)Re ,
where V = V proj(Re)/ sin i is deprojected, σ =
σproj(Re), and both quantities are evaluated on the
major axis. We find that V is nearly maximal at Re
in our sample, so the main effect of this choice is to
pin down a fiducial radius at which to measure σ.
We note that this definition is intended to compare
to disk kinematics and differs from the conventional
use of the central σ0 in local early-type galaxies and
from the metric used by Newman et al. (2015).
Constraints on these parameters are listed in Table 2.
The deprojected quantities Vmax and (V/σ)Re rely on
further assumptions that we will describe in Section 4.
3.3. Comparison to Toft et al.
Toft et al. (2017) analyzed an X-Shooter spectrum of
MRG-M2129 and inferred an extremely rapid rotation
speed of 532+67−49 km s
−1, which is 65% higher than our
less extreme value of 323 ± 28 km s−1. To investigate
the origin of this difference, in Figure 6 we compare the
observed kinematics. The Toft et al. velocities are ' 30%
higher in the outer bins, although they are still consistent
within the uncertainties. Our dynamical models differ
from those used by Toft et al. in several respects, but the
most important is the inclination angle. As discussed in
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Figure 6. Comparison of the observed stellar kinematics of MRG-
M2129 measured in this paper (black points) and by Toft et al.
(2017, green points).
the Appendix of Paper I, Toft et al. find a rounder source
with an intermediate inclination of i = 54◦, whereas our
reconstructed source has significantly higher projected
ellipticity and so must have i ≈ 90◦.2 After a discrepancy
in their treatment of the point spread function (PSF) was
corrected, Toft et al. found a higher ellipticity that now
is lower than ours by only ∆e = 0.1 (S. Toft, A. Man, et
al., private communication). The difference between our
inclination and the value published by Toft et al. (2017)
translates to a factor of sin 54◦/ sin 90◦ = 1.24 in the
deprojected rotation speed. Thus, about half of the total
difference in deprojected rotation speed is attributable
to differences in the kinematic measurements, while the
other half arises from the inclination.
The other important kinematic parameters are Mdyn
and V/σ. We agree with Toft et al. on the total dy-
namical mass to 0.1 dex. Toft et al. find Vmax/σ > 3.3 at
97.5% confidence. This parameter is not uniquely defined
in our JAM models, since σ is not constant. However, at
Re we find a lower value of (V/σ)Re = 1.74 ± 0.50 (see
Table 1 and the radial variation in Figure 4). The cause
of this difference can be seen in Figure 6: we measure
σ ≈ 200 km s−1 across the image, in contrast to Toft et
al. who find much lower σ in the outer bins. The Toft et
al. spectrum is shallower and the derived σ measurements
2 Given that the ellipticities of the flatter components of MRG-
M0138 and MRG-M2129 are b/a = 0.19 and 0.24, respectively,
under our assumption that eintr < 0.85 we must have i > 80
◦ and
sin i > 0.98, justifying the assumption that sin i ≈ 1.
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Table 2
Stellar Dynamical Model Constraints
Galaxy logMdyn/M κ V
proj
max (km s
−1) λRe lnmerr Vmax(km s−1) (V/σ)Re
MRG-M0138 11.64± 0.10 0.94± 0.07 290± 21 0.69± 0.04 −0.14± 0.20 290± 21 1.62± 0.42
MRG-M0150 11.26± 0.14 1.59± 0.47 176± 26 0.41± 0.08 0.00± 0.33 352± 87 2.29± 0.73
MRG-M2129 11.38± 0.08 0.96± 0.07 323± 28 0.69± 0.05 0.45± 0.24 323± 28 1.74± 0.50
Note. — Quantities left of the vertical line are projected. Quantities to the right are corrected for inclination assuming
i ≈ 30◦ for MRG-M0150 and i ≈ 90◦ for MRG-M0138 and MRG-M2129; see Section 4. The mean and standard deviation
of the marginalized posteriors are shown. See text for a discussion of the uncertainties.
have much larger uncertainties, particularly in the outer
bins where Toft et al. only measure upper limits on σ.
This might explain the difference. Based on their V/σ,
Toft et al. claim that MRG-M2129 is as rotationally sup-
ported as local late-type disk galaxies. Our lower value
makes this less likely, although as we will show below,
it is still much more rotationally supported than local
early-type galaxies.
4. RESULTS
4.1. Rotation Speeds and Intrinsic Shapes
In general, determining the inclination of early-type
galaxies is difficult because of their wide range of in-
trinsic shapes. For MRG-M0138 and MRG-M2129 the
situation is unambiguous: since they have highly ellip-
tical isophotes in projection, they must be intrinsically
flat galaxies viewed nearly edge-on. MRG-M0150, how-
ever, is nearly round in projection (b/a = 0.87); based
on photometry alone, we cannot tell whether it is nearly
spherical or is a face-on flattened system. Kinematic data
can distinguish these possibilities.
Figure 7 shows the location of our lensed sample in
the ellipticity versus λRe diagram. From integral field
studies of local early-type galaxies, it has been found
that the locus of “fast rotators” in this diagram can be
described by simple models of single-component systems
that span a range of intrinsic ellipticities and inclinations
and have a velocity anisotropy βz that is proportional to
the intrinsic ellipticity (Emsellem et al. 2011).
Under these assumptions, it is possible to estimate the
shape and inclination of the galaxies in our sample by
comparing them to the model grid in Figure 7. (We
will compare our sample to the local early-type galax-
ies shown in the Figure in Section 5.1). We infer that
MRG-M0150 is an intrinsically flat galaxy (eintr ≈ 0.75)
viewed nearly face on (i ≈ 30◦). The factor 1/ sin i =
2.0 ± 0.4, leading to a deprojected rotation speed of
Vmax = 352 ± 87 km s−1. For MRG-M0138 and MRG-
M2129, we find i > 80◦ (see footnote 2) and can approx-
imate sin i ≈ 1 so that Vmax = 290 ± 21 km s−1 and
323 ± 28 km s−1, respectively. Although the relations
describing βz in local early-type galaxies might not hold
in z > 2 systems, we found that the inferred inclination
of MRG-M0150 does not change much even if we com-
pute the model grid in Figure 7 under the very different
assumption that βz = 0. Alternatively, we can estimate
i by selecting ATLAS3D galaxies (Emsellem et al. 2011;
Cappellari et al. 2013) whose position in Figure 7 is con-
sistent with MRG-M0150. These have a median i = 38◦,
lower than the 57◦ expected for randomly oriented disks
and consistent with our model-based estimate.
Local early-type galaxies show a bimodal distribution
of κ, with the “fast rotators” centered on 0.99 with a
small rms of 0.07 (Cappellari 2016). MRG-M0138 and
MRG-M2129 are consistent with κ = 1 within small un-
certainties. They therefore have the simple dynamical
structure that characterizes local fast rotators: the rota-
tion speed follows from the galaxy shape and σφ = σR,
i.e., the velocity ellipsoid is oblate, so the rotational mo-
tion is just sufficient to produce the flattened galaxy
shape without excess azimuthal dispersion σφ > σR. For
MRG-M0150 we find κ = 1.59 ± 0.47 when marginal-
izing over inclination. Values of κ > 1 are physically
possible but are somewhat unnatural; they imply more
rotation than is needed to produce the flattened galaxy
shape, which must be compensated by low σφ. However,
κ is covariant with inclination (Figure 5): if i ≈ 30◦, as
we argued above, then we find κ = 1.20± 0.30 for MRG-
M0150, closer to unity. This provides additional evidence
that the three lensed galaxies have similar a dynamical
structure viewed at different angles. It also supports the
validity of the lens models and source plane reconstruc-
tions, since we would not expect κ = 1 if the ellipticity
were seriously in error.
Although we cannot place MRG-P0918 in Figure 7,
we can put a lower limit on λRe . To so do, we de-
rived a relation between λRe and V
proj
max /σe within the
ATLAS3D sample (Emsellem et al. 2011), where σe is the
integrated velocity dispersion within Re. We then used
the lower limit V projmax > 72 km s
−1 from Section 2.3 and
approximated σe = 223 km s
−1 using the integrated ve-
locity dispersion measured in Paper I. We find λRe & 0.2
for MRG-P0918. Although the division shown in Fig-
ure 7 formally allows for a galaxy in this λRe range to
be classified as a “slow rotator” if its ellipticity is suf-
ficiently high, there are no such galaxies in the entire
ATLAS3D sample. We therefore consider that MRG-
P0918 can be classified as a “fast rotator.”
In summary, all three of MRG-M0138, MRG-M0150,
and MRG-M2129 are likely to be intrinsically flat, disk-
dominated galaxies (eintr ≈ 0.75-0.85) that are rotation-
ally supported ((V/σ)Re = 1.6-2.3; Table 2) and have
rapid rotation speeds of Vmax = 290-352 km s
−1. Our
lack of a lens model does not allow us to construct a dy-
namical model of MRG-P0918, but we can place a lower
limit on its rotational support and classify this galaxy as
a “fast rotator.”
4.2. Dynamical Masses
We find high dynamical masses for all three galaxies,
spanning the range logMdyn = 11.26-11.64. The stellar-
to-dynamical mass ratios are logM∗/Mdyn = 0.05± 0.20
for MRG-M0138, 0.24 ± 0.21 for MRG-M0150, and
−0.42± 0.13 for MRG-M2129. (These include the mag-
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Figure 7. The projected ellipticities and angular momentum parameters λRe of the z = 1.95-2.64 lensed quiescent galaxies (points with
error bars) are compared to local early-type galaxies from the ATLAS3D (red circles, Emsellem et al. 2011; Cappellari et al. 2013) and
MASSIVE surveys (blue circles, Veale et al. 2017a). Local galaxies with logM/M > 11.2 are shown (see footnote 3). The symbol area is
proportional to logM for the local systems. The grid is a family of models with βz = 0.65eintr as found for local fast rotators (Emsellem
et al. 2011). Dashed lines have constant eintr (labeled on the right) and dotted lines have constant inclination (labeled at top). The division
between fast and slow rotators proposed by Emsellem et al. is shown in green. Histograms show the ATLAS3D+MASSIVE sample with
weights applied based on the volumes of the two surveys, as described in Section 5.1; the high-z galaxies indicated by arrows. The figure
shows that the lensed quiescent galaxies have similar flat intrinsic shapes (eintr ≈ 0.75-0.85) and much more specific angular momentum
than a typical early-type galaxy of equal or higher mass in the local universe.
nification uncertainty.) This range is similar to that ob-
tained from unresolved kinematics of z ∼ 2 quiescent
galaxies (Belli et al. 2017).
MRG-M0138 and MRG-M0150 are consistent with
equality between the dynamical and stellar masses, as-
suming a Chabrier (2003) initial mass function (IMF).
The stellar mass of MRG-M2129 is the best constrained
and is significantly lighter than the dynamical mass, leav-
ing room for additional dark matter, gas, or a heavier
IMF. Given the uncertainties, both MRG-M0138 and
MRG-M2129 could also support a Salpeter IMF, which
would be in tension with the dynamical mass of MRG-
M0150. Future observations of high-z quiescent galax-
ies might be able to constrain the normalization of the
IMF close to the epoch of the star formation, when the
stellar population is less polluted by mergers, but such
comparisons will have to wait for larger samples with
well-resolved kinematics.
5. DISCUSSION
All four of the massive quiescent galaxies at z = 1.95-
2.64 in our study are classified as “fast rotators” (Em-
sellem et al. 2011). The three systems for which the lens-
ing constraints permit a source reconstruction appear to
have similar kinematics: all are rotationally supported
galaxies with Vmax = 290-352 km s
−1 and (V/σ)Re = 1.6-
2.3. For MRG-M0150, this result depends on model-
dependent inclination estimates (Section 4), while MRG-
M0138 and MRG-M2129 are unambiguous. Interest-
ingly MRG-M0150 would appear to be the least disk-like
galaxy judging from its low projected ellipticity and high
Se´rsic index (n = 3.5). Only with stellar kinematic data
can we show that it is likely to be a rapidly rotating
galaxy viewed at low inclination.
As we will discuss, the degree of rotational support that
we find in the lensed sample is much higher than is seen
in local early-type galaxies that are sufficiently massive
to represent their likely descendants. These lensed galax-
ies must evolve substantially in their structure and kine-
matics after quenching. After discussing the evolution of
these galaxies into local early-type systems (Section 5.1),
we will consider the implications for quenching and the
star-forming progenitors of massive quiescent galaxies at
z ∼ 2 (Section 5.2). When considering these implica-
tions, an important caveat to bear in mind is that our
study is based on a small sample in which high-ellipticity
galaxies are over-represented (Paper I). While the sim-
ilar dynamical structures of the galaxies in our sample
suggest that they represent a typical case, a larger sam-
ple is ultimately needed to assess the prevalence of disk-
dominated dynamics in high-z quiescent galaxies.
5.1. Evolution into z ∼ 0 Early-type Galaxies
Figure 7 compares the angular momentum parameter
λRe of the three galaxies in our sample for which we
have a lens model to a sample of local early-type galaxies
drawn from the ATLAS3D (Cappellari et al. 2011; Em-
sellem et al. 2011) and MASSIVE (Ma et al. 2014; Veale
et al. 2017a) surveys. Galaxies with logM/M > 11.2
are plotted; all of the high-z galaxies have Mdyn in this
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range.3
It is immediately apparent that the high-z galaxies
have much more rotation than typical early-type galaxies
in the local universe that are comparably massive. The
rarity of local analogs of the galaxies in our sample allows
us to make a strong inference about their future evolu-
tion. Among galaxies in the ATLAS3D and MASSIVE
samples that are at least as massive as MRG-M0150,
16% have a higher λRe .
4 This implies that MRG-M0150
is atypical among possible descendants in this param-
eter, but not extremely so. On the other hand, among
galaxies in the local sample that are at least as massive as
MRG-M0138 (79 galaxies) or MRG-M2129 (92 galaxies),
none has a higher λRe or a higher projected ellipticity
(e = 0.74 and 0.71 for MRG-M0138 and MRG-M2129,
respectively; see Paper I). Although these galaxies are
both viewed nearly edge on, this rarity is not primarily
an inclination effect: the model grid in Figure 7 implies
that they are also intrinsically flatter than all but one of
the local sample.
The comoving number density of M∗ = 1011−11.5 M
quiescent galaxies at z = 2 is ' 10-20% of the value
at z ∼ 0 (Moustakas et al. 2013; Tomczak et al. 2014).
Therefore, unless MRG-M0138 and MRG-M2129 were
very atypical of z ∼ 2 quiescent galaxies, we would ex-
pect to find a significant number of local analogs if λRe
did not decline after quenching. We conclude that a sig-
nificant fraction of massive quiescent galaxies at z ∼ 2
(the majority of our small sample) must decrease their
specific angular momentum and become rounder.
By how much has λRe declined in such galaxies? Since
they likely follow a wide range of evolutionary paths, we
can only estimate a rough number by assuming that our
sample is representative both of z ∼ 2 quiescent galaxies
and of the progenitors of some z ∼ 0 comparison pop-
ulation. Simulations and empirical arguments based on
number densities suggest that galaxies in the mass range
of our sample have grown in mass since z ∼ 2 by 0.3 dex,
on average, with a wide dispersion (van Dokkum et al.
2010; Muzzin et al. 2013; Wellons et al. 2015). We there-
fore selected a comparison sample of local galaxies with
masses that are 0.3 dex higher than each lensed quiescent
galaxy. (In practice, in order to have adequate statistics,
we chose galaxies within ±0.15 dex of that mass.) For
MRG-M0138, MRG-M0150, and MRG-M2129, the me-
dian λRe of these candidate descendants is lower by a
factor of 14, 6, and 10, respectively. This result is not
very sensitive to the definition of the local comparison
sample; for example, we find lower λRe by factors of 10,
5, and 8, respectively, if we simply select local galax-
ies that are at least as massive as each high-z galaxy.
3 We use dynamical masses for the lensed galaxies and
ATLAS3D. Since these are not available for the MASSIVE sample,
we instead use the MASSIVE galaxies’ stellar masses, estimated
from the K-band luminosity following Equation 1 of Veale et al.
(2017b). This is appropriate since the two masses agree on average
for high-mass galaxies in ATLAS3D.
4 When quoting properties of the combined ATLAS3D and MAS-
SIVE samples, we weight the MASSIVE galaxies by a factor of 0.08
relative to ATLAS3D to account for the different volumes and com-
pleteness of the surveys. This is necessary to ensure that galaxies
of different masses are represented in the correct proportion. The
weight is based on the relative number of MASSIVE galaxies (75
with λRe from Veale et al. 2017a) to ATLAS
3D galaxies (6) with
K-band fluxes above the MASSIVE limit (Ma et al. 2014).
We therefore estimate that massive quiescent galaxies at
z ∼ 2 have declined in λRe by a typical factor of 5-10.
Mergers are the likely mechanism to accomplish such a
large reduction in spin. In recent years the emergence of
local early-type galaxies and their dynamical properties
has been investigated by several groups using cosmolog-
ical simulations (Naab et al. 2014; Penoyre et al. 2017;
Lagos et al. 2018a,b). Although these works disagree on
some aspects (e.g., the relative important of mass ratio
versus gas fraction in setting the remnant spin), many of
the broad trends are common. Slow rotators were born
as fast rotators, and few slow rotators are expected to be
present at z & 1. Mergers are the primary cause of the
loss of angular momentum over time that today’s slow
rotators experienced. Major mergers tend to reduce an-
gular momentum suddenly, although rare configurations
can instead “spin up” the remnant. However, a gradual
transformation by minor mergers is also possible, with
the total merged mass emerging as the most important
parameter in some studies. Bournaud et al. (2007) pre-
sented simulations of a disk galaxy undergoing a series of
minor mergers that double its mass and reduce V/σ from
3 to . 0.2. Similarly Naab et al. (2014) discuss a subset
of galaxies in cosmological simulations whose assembly
histories are dominated by gas-poor minor mergers and
whose angular momentum declined by a factor of ' 10
since z = 2 (their Figure 3, Class F), consistent with our
estimates. Therefore major mergers are probably impor-
tant but are not required to produce the observed spin
down. Finally, although mergers are a key factor shap-
ing the spin history of most systems, Lagos et al. (2018a)
found that 30% of z = 0 slow rotators in the Illustris sim-
ulation have had no significant mergers. They suggested
that such galaxies instead inherited their low spin from
their dark matter halos.
A rare subset of galaxies may have remained virtually
untouched since z ∼ 2. Searches have uncovered a few
massive galaxies with old stellar populations and com-
pact sizes (similar to high-z quiescent galaxies) in the
local universe, including NGC1277 (van den Bosch et al.
2012; Trujillo et al. 2014), PGC032873, and Mrk1216
(Ferre´-Mateu et al. 2017).5 Interestingly, these galaxies
have projected rotation speeds of V ' 200-300 km s−1
and projected V/σ ' 1-2. The similarity of their kine-
matics to the high-z galaxies in our sample supports the
idea that these are indeed “relic” galaxies. Such “relic”
galaxies appear to be rare, as expected from cosmological
merger histories (Quilis & Trujillo 2013).
Bezanson et al. (2018) recently measured the rotational
support of 104 quiescent galaxies at z ∼ 0.8. By compar-
ing to a homogeneously analyzed z ∼ 0 sample, they infer
a decrease in rotational support since z ∼ 0.8 by a factor
of ∼ 2. Given that we estimated a factor of 5-10 decline
since z ∼ 2 for massive galaxies (Mdyn,z∼2 & 1011.3 M),
this suggests that much of the spin down might have oc-
curred at z > 1. That would be qualitatively consistent
with the evolution of the mass–size relation, which is also
thought to be driven by mergers and also evolves by a
5 The only local galaxy in Figure 7 that falls within the error
bars of one of the lensed galaxies is NGC1167, a very early-type spi-
ral with similar kinematics to MRG-M0150 but with an extended
stellar disk having Re ∼ 13 kpc (Marchuk & Sotnikova 2017).
NGC1167 is therefore not a high-z analog.
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similar factor over z = 1-2 as over z = 0-1 (e.g., New-
man et al. 2012) . However, it is not consistent with the
predictions of cosmological simulations, in which angular
momentum loss mainly occurs at z < 1 (Penoyre et al.
2017; Lagos et al. 2018a). A robust test of that predic-
tion will require larger samples of z > 1 stellar kinemat-
ics measured with the James Webb Space Telescope or
30 m-class ground-based telescopes.
Finally, the “spin down” of quiescent galaxies may pro-
vide a new way to distinguish post-quenching evolution
from progenitor effects. Since star-forming galaxies are
continually growing in size, as they quench and join the
quiescent population they will increase the mean size
of quiescent systems (e.g., Carollo et al. 2013). Dis-
entangling this growth—which occurs in star-forming
galaxies—from size growth in quiescent systems is chal-
lenging (e.g., Belli et al. 2015). The situation is different
for V/σ, because it increases over time in star-forming
galaxies (e.g., Wisnioski et al. 2015; Simons et al. 2017),
whereas this paper and Bezanson et al. (2018) show that
V/σ declines in quiescent galaxies. Processes that are
coincident with or follow quenching are therefore needed
to decrease V/σ in the quiescent population. The rarity
of local analogs of our sample argues that post-quenching
“spin down” must occur. At the high masses sampled by
our survey, the importance of mergers is fairly uncontro-
versial, but as future observations probe the kinematics
of less massive quiescent galaxies at high redshifts, they
will provide an interesting new constraint on evolution-
ary models.
5.2. Relation to Star-forming Progenitors
Our analysis implies that rotational support generally
declines in massive galaxies after quenching. It is in-
teresting to consider whether there is also a more sud-
den decline in rotational support associated with quench-
ing. This question is harder to address. The kinematics
of similarly massive star-forming galaxies that are co-
eval with our sample have been measured. Tadaki et al.
(2017a,b) resolved the Hα and CO kinematics of 11 ex-
tended star-forming galaxies with masses M∗ & 1011 M.
They found V/σ spans the range 3.5-7.1, significantly
higher than the values of ' 2 we see in quiescent galax-
ies. Compact star-forming galaxies have been proposed
as transitional objects that are the immediate progeni-
tors of compact quiescent galaxies (Barro et al. 2013).
van Dokkum et al. (2015) inferred such galaxies have
rapidly rotating ionized gas disks based on marginally
resolved Hα kinematics. Recently Barro et al. (2017)
measured the CO kinematics of such a galaxy and found
V/σ ' 2.5. This is consistent with our quiescent sample
and supports the idea that “blue nuggets” are immediate
progenitors of some compact quiescent galaxies, assum-
ing that the kinematics of the stars and CO are not too
dissimilar.
Assessing a decline in V/σ associated with quenching
requires comparing not to coeval systems, but to massive
star-forming galaxies at z = 3-4, the quenching epoch
of the galaxies in our sample. Surveys of ionized gas
kinematics in this redshift range do not sample galaxies
that are sufficiently massive to be progenitors of galaxies
in our sample (Gnerucci et al. 2011; Turner et al. 2017).
CO observations of a few massive starburst galaxies at
z ≈ 4-5, which are probably progenitors of some massive
quiescent galaxies (e.g., Toft et al. 2014), have shown a
range of kinematic properties with both less and more
rotational support than our sample (Hodge et al. 2012;
Riechers et al. 2014; Oteo et al. 2016).
Given these few constraints, the lower V/σ seen in our
quiescent galaxy sample compared to coeval star-forming
galaxies could result from two effects. First, V/σ might
decline when star formation is quenched, but our analysis
in Section 5.1 indicates that it does not generally reach
the lower levels seen in local early-type galaxies, which
requires mergers after quenching. Second, the lower V/σ
of z ∼ 2 quiescent galaxies might be inherited from their
star-forming progenitors at z ∼ 3-4, with less or even no
change associated with quenching.
Theoretically it has been shown that gas-rich major
mergers can produce remnants with disks (e.g., Robert-
son et al. 2006; Governato et al. 2009; Wuyts et al.
2010; Sparre & Springel 2017). The persistence of disk-
dominated kinematics therefore does not require a par-
ticularly “gentle” quenching process. The Wuyts et al.
(2010) simulations of binary wet mergers are particu-
larly relevant, since they compared the simulated rem-
nants to the observed properties of z ∼ 2 quiescent
galaxies. Provided that the gas fraction at coalescence
is high (& 40%), which is expected to occur more fre-
quently at higher redshifts, the remnants can be quies-
cent galaxies with sizes as compact as observed. Wuyts
et al. also made a prediction that these galaxies are much
more rotationally supported than local early-type galax-
ies. Their simulated remnants lie near or above the
isotropic rotator line in the V/σ versus ellipticity plot
(their Figure 5), broadly consistent with the measure-
ments in this paper. The sizes and kinematics of our
sample may therefore be compatible with remnants of
gas-rich major mergers.
The very flattened shapes of MRG-M0138 and MRG-
M2129, however, present more of a puzzle, since the
Wuyts et al. simulations do not produce such thin rem-
nants. Furthermore, the simulated remnants have cuspy
light profiles that are unlike the exponential disk ob-
served in MRG-M2129. This galaxy is particularly in-
teresting, since it demonstrates that it is possible for
star formation to quench at z ∼ 3 without the formation
of a significant bulge. It lacks a central enhancement
of the stellar mass density (Paper I, Figure 7) that one
might expect in major mergers or “compaction” scenar-
ios where a central starburst precedes quenching (Dekel
& Burkert 2014; Zolotov et al. 2015). Toft et al. (2017)
suggested that MRG-M2129 was instead quenched as gas
flowing onto the (presumably massive) halo of MRG-
M2129 was shock heated and prevented from accreting
onto the galaxy. In this scenario the recently quenched
object could retain the structure and kinematics of its
star-forming progenitor. Considering their range of bulge
properties, it seems likely that massive quiescent galaxies
at z ≈ 2 were formed through multiple channels.
6. SUMMARY
We presented the resolved stellar kinematics of a sam-
ple of four lensed quiescent galaxies at z = 1.95-2.64.
All four are classified as “fast rotators.” For the three
galaxies with lens models that enable a source plane re-
construction, we constructed JAM dynamical models.
Their dynamical masses Mdyn & 2 × 1011 M support
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the high stellar masses reported in Paper I. Two of these
three galaxies are highly inclined, and we argued that
the third (MRG-M0150) is likely seen at a low inclina-
tion of i ≈ 30◦. With that assumption, all three systems
are intrinsically thin (eintr ≈ 0.75− 0.85), rapidly rotat-
ing (Vmax = 290-352 km s
−1) galaxies that are primarily
rotationally supported with (V/σ)Re = 1.6-2.3. These
V/σ values are smaller than massive, coeval star-forming
galaxies. This could reflect a decline in rotational sup-
port associated with quenching, or alternatively the lower
V/σ might be inherited from the z = 3-4 star-forming
progenitors.
The galaxies in our sample show much more rotation
than typical local quiescent galaxies that have masses
consistent with being their descendants. In particular,
their angular momentum parameter λRe is typically 5-
10 times higher than a local comparison sample selected
from the ATLAS3D and MASSIVE surveys. For MRG-
M0138 and MRG-M2129, both λRe and the ellipticity are
higher than any galaxy in the local comparison sample
with an equal or higher mass. If our small sample is rep-
resentative, these observations show that while rotational
support might be eroded in massive galaxies when star
formation is quenched, it does not generally reach the
lower values characteristic of massive early-type galaxies
in the local universe. That transformation occurs after
quenching, most likely proceeding via a series of mergers
that grow galaxies in mass and size while reducing their
specific angular momentum.
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